Low inorganic phosphate (Pi) availability is a major constraint for efficient nitrogen fixation in legumes, including chickpea. To elucidate the mechanisms involved in nodule acclimation to low Pi availability, two Mesorhizobium-chickpea associations exhibiting differential symbiotic performances, Mesorhizobium ciceri CP-31 (McCP-31)-chickpea and Mesorhizobium mediterranum SWRI9 (MmSWRI9)-chickpea, were comprehensively studied under both control and low Pi conditions. MmSWRI9-chickpea showed a lower symbiotic efficiency under low Pi availability than McCP-31-chickpea as evidenced by reduced growth parameters and down-regulation of nifD and nifK. These differences can be attributed to decline in Pi level in MmSWRI9-induced nodules under low Pi stress, which coincided with up-regulation of several key Pi starvation-responsive genes, and accumulation of asparagine in nodules and the levels of identified amino acids in Pi-deficient leaves of MmSWRI9-inoculated plants exceeding the shoot nitrogen requirement during Pi starvation, indicative of nitrogen feedback inhibition. Conversely, Pi levels increased in nodules of Pi-stressed McCP-31-inoculated plants, because these plants evolved various metabolic and biochemical strategies to maintain nodular Pi homeostasis under Pi deficiency. These adaptations involve the activation of alternative pathways of carbon metabolism, enhanced production and exudation of organic acids from roots into the rhizosphere, and the ability to protect nodule metabolism against Pi deficiency-induced oxidative stress. Collectively, the adaptation of symbiotic efficiency under Pi deficiency resulted from highly coordinated processes with an extensive reprogramming of whole-plant metabolism. The findings of this study will enable us to design effective breeding and genetic engineering strategies to enhance symbiotic efficiency in legume crops.
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phosphate deficiency | nitrogen fixation | metabolomics | carbon and nitrogen metabolism | phosphate homeostasis P hosphorus plays a critical role in numerous plant metabolic processes and contributes to the biosynthesis of cellular macromolecules, such as ATP, nucleic acids, phospholipids, and phosphorylated sugars (1) . Thus, phosphorus has been established as one of the most important elements required for normal plant growth and development (1) . Unfortunately, limited availability of inorganic phosphate (Pi), which is the only absorbable form of phosphorus for plants, in soils is nearly universal, because Pi readily forms various insoluble compounds with metals, such as calcium and iron in alkaline and acidic soils, respectively (1, 2) . Pi deficiency can be overcome by the application of Pi fertilizers; however, the excessive use of chemical fertilizers can have serious environmental consequences, including the contamination of soil and water resources (1) . Additionally, the global demand for and use of Pi fertilizers are projected to increase significantly with the explosive growth of the global population.
Thus, it has been predicted that global Pi reserves will be depleted within 100 y or even sooner (3) .
Symbiotic nitrogen fixation (SNF) in dinitrogen (N 2 )-fixing legumes is dramatically affected by numerous environmental limitations (4) . Among the stressors, low Pi availability is a major restriction of SNF capacity, because this process depends on a series of energy-demanding metabolic steps. Reductions in the concentration of ATP and energy charge in Pi-deficient nodules result in significant declines in nitrogenase activity, SNF capacity, and ultimately, the growth and productivity of legume crops (5) . Thus, an improvement in Pi levels in the nodules of plants grown in soils with low Pi availability can contribute to a more efficient atmospheric N 2 fixing capacity and therefore, greater productivity of legumes (6) . Although low Pi availability has been welldocumented as a major restriction for SNF capacity, which imposes serious limitations on legume growth and crop production, little information is available pertaining to the mechanisms responsible for the decrease in SNF capacity under Pi starvation (7) . A deep understanding of the complex strategies by which legume Significance Inorganic phosphate (Pi) is an essential constituent for nodule performance. Consequently, symbiotic efficiency in dinitrogen (N 2 )-fixing legumes, where nodules act as a sink for Pi, is affected by Pi availability. Low Pi availability results in major inhibition of symbiotic performance; thus, understanding the adaptive responses of nodule metabolism to Pi deficiency is crucial to improve symbiotic efficiency under Pi-limited conditions. This study reports the key mechanisms responsible for decreasing nodule activity under Pi deficiency and examines whether nodule responses to low Pi availability are mediated by changes in the metabolism of other organs of nodulated plants. These findings can be used to develop chickpea cultivars and perhaps, other leguminous crops with effective symbiotic efficiency under Pilimited conditions through genetic engineering.
metabolism deals with nutritional Pi deficiency can pave the way to breeding crop plants with enhanced symbiotic efficiency or developing them through biotechnological strategies. The development of Pi-efficient crop plants that can grow and yield better under low Pi supply would have a significant beneficial impact on agricultural sustainability (8) .
Being one of the major pulse crops in the world, chickpea (Cicer arietinum L.) is traditionally cultivated in many countries of different continents (9) . It ranks third globally in total yield among grain legume crops (10) . Chickpea has a high nutritive value and serves as an important source of protein in developing countries; also, it has the ability to increase soil fertility in terms of soil nitrogen (N) content because of the activity of SNF (11) . Among legumes, chickpea has a superior ability to fix atmospheric N 2 through its symbiotic relationship with compatible and effective Rhizobium strains and therefore, can reduce the need for chemical fertilizers, thus minimizing the adverse environmental effects of synthetic fertilizers. However, low soil fertility, particularly Pi deficiency, imposes an important constraint on chickpea crop production, especially in tropical and subtropical areas of Africa and Asia (12) . Thus, the selection of Rhizobium-chickpea symbiotic associations with efficient N 2 fixing capability under low Pi availability can help improve chickpea production in low Pi fields.
In this study, two Mesorhizobium strains inoculated on chickpea cultivar ILC482 were initially found to have differential symbiotic performances under both control and low Pi stress conditions. A comprehensive examination of the metabolic, biochemical, and molecular mechanisms underlying the differential SNF responses to Pi deficiency in these two Mesorhizobium-chickpea symbiotic associations allowed the identification of the key factors modulating SNF capacity in chickpea under Pi starvation and provided evidence that changes in the metabolism in plant organs other than nodules play an important role in determining the SNF capacity of chickpea plants.
Results
Chickpea Growth and Nodulation. Under Pi-sufficient conditions, total shoot, root, and whole-plant dry matter (DM) accumulations in chickpea inoculated with Mesorhizobium mediterranum SWRI9 strain (MmSWRI9) were significantly greater than in plants inoculated with Mesorhizobium ciceri CP-31 strain (McCP-31) (Dataset S1). A reduction in Pi supply resulted in a significant decrease in DM accumulation in shoots, roots, and whole plants in both symbiotic combinations; however, the reduction in MmSWRI9-inoculated plants was significantly more severe than the reduction in McCP-31-inoculated plants (47.8% vs. 21.4% for shoots, 35.6% vs. 12.6% for roots, and 40.7% vs. 13.1% for whole plants) (Dataset S1). Shoot DM was more affected than root DM under low Pi conditions in both symbiotic systems. This observation was particularly evident in MmSWRI9-inoculated plants as evidenced by the increase in the root to shoot ratio when the Pi supply decreased (Dataset S1).
Under Pi-sufficient conditions, nodule number, total nodule DM, and individual nodule DM were similar in both symbiotic associations. Although nodule number increased under low Pi conditions in both symbiotic associations, MmSWRI9-inoculated plants displayed a 12.6% greater number of nodules per plant than McCP-31-inoculated plants. Individual nodule DM also decreased significantly in both symbiotic associations. This decline, however, was greater in MmSWRI9-inoculated plants than in McCP-31-inoculated plants (59.1% vs. 32.9%, respectively). The formation of more and smaller nodules in MmSWRI9-inoculated plants is expected to have a negative impact on its nodule energy expenditures (13) . Such smaller nodules have been characterized to be less effective because of increased O 2 diffusion caused by an increase in the surface to area ratio (14) . In contrast, the lower increment of nodule number in McCP-31-inoculated plants would effectively help in saving the limited amount of available Pi with a positive impact on energy turnover of the existing nodules. Overall, McCP-31-inoculated plants displayed better intrinsic characteristics of nodulation under Pi starvation as measured by single and total nodule DM (Dataset S1).
Expression of nifD and nifK Genes in Chickpea Nodules. SNF capability of leguminous plants is controlled by the rhizobial nitrogenase complex, which catalyzes the reduction of N 2 into ammonia (15) . The nifDK genes are the structural genes encoding the MoFe protein subunits of the nitrogenase complex, and assessing their expression levels has been shown to be a reliable method for evaluating the contribution of the N 2 fixing bacteria to plant N nutrition (9, (16) (17) (18) . Thus, analysis of the expression levels of the nifDK genes will enable us to characterize the SNF capacity of the nodules induced by the tested strains under both normal and low Pi conditions (Fig. 1) . Under sufficient Pi supply, the expression levels of nifD (encodes the α-subunit of the MoFe protein) and nifK (encodes the β-subunit of the MoFe protein) genes were ∼28.5% and ∼39.8%, respectively, higher in MmSWRI9-induced nodules than in McCP-31-induced nodules (Fig. 1) . When chickpea plants were grown under low Pi conditions, the expression levels of both nifD and nifK were not significantly affected in McCP-31-induced nodules, whereas a significant reduction in the expression level of nifD and nifK genes (22.2% and 47.9%, respectively) was observed in MmSWRI9-induced nodules (Fig. 1 ).
Pi Levels in Chickpea Nodules, Roots, and Leaves. A comparison of Pi levels, as determined by metabolomic analysis (Datasets S2-S4), in nodules obtained from both symbiotic associations under Pi-sufficient levels revealed that MmSWRI9-induced nodules had an 84.4% higher Pi level than McCP-31-induced nodules (Fig. 2) . Pi levels in nodules and roots of MmSWRI9-inoculated plants decreased by 37.5% and 78%, respectively, in response to Pi deficiency (Fig. 2) . In contrast, the Pi level in McCP-31-induced nodules was almost 41.7% higher under Pi-deficient conditions than in Pi-sufficient conditions, whereas the Pi level in roots was not significantly affected. The Pi level in leaves significantly decreased in response to Pi limitation in both symbiotic associations. Pi deficiency, however, triggered a greater decline in the Pi level of leaves in MmSWRI9-inoculated plants (a 66% decline relative to the Pi level in Pi-sufficient control plants) than in McCP-31-inoculated plants (a 50% decline relative to the Pi level in Pisufficient control plants) (Fig. 2) . Genetic Responses of Chickpea Nodules to Pi Deficiency. To determine whether the contrasting responses to Pi deficiency in the two symbiotic associations resulted from the differential expression of key Pi starvation responses-related genes, 10 chickpea genes were selected for comparative gene expression analysis using chickpea genome annotation information (19) . The selected candidates included genes that are putatively involved in Pi uptake, transport, allocation, and mobilization/remobilization, such as C. arietinum phosphate 1 (CaPHO1), CaPHO2, phosphate transporter 1;4 (CaPHT1;4), purple acid phosphatase 17 (CaPAP17), pyrophosphatase 4 (CaPPase4), and digalactosyldiacylglycerol synthase 1 (CaDGD1); genes that are putatively involved in carbon (C) metabolism, such as pyruvate kinases (PKs; CaPK/LOC101509508 and CaPK/LOC101498888); and genes that are putatively involved in transcriptional regulation, such as CaWRKY75 and SYG1/Pho81/XPR1 domain containing protein 3 (CaSPX3) (Fig. 3 and Dataset S5).
Results indicated that CaPAP17, CaPHT1;4, and CaSPX3 were significantly up-regulated in MmSWRI9-induced nodules in response to low Pi supply, whereas the expression levels of CaPAP17 and CaSPX3 remained relatively unchanged and that of CaPHT1;4 was significantly repressed in McCP-31-induced nodules under low Pi conditions (Fig. 3 A-C) . Furthermore, Pi deficiency reduced the expression of CaWRKY75 in McCP-31-induced nodules but not that in MmSWRI9-induced nodules (Fig. 3D) . The expression levels of two CaPK genes significantly decreased in response to low Pi supply in both MmSWRI9-and McCP-31-induced nodules (Fig. 3 E and F) . Transcript levels of CaPHO1, CaPHO2, CaPPase4, and CaDGD1 remained relatively unchanged under low Pi conditions in nodules of both symbiotic associations (Fig. 3 G-J) .
Effects of Pi Deficiency on Total Soluble Protein Contents and C and N Metabolism-Related Enzyme Activities in Nodulated Chickpea. Measurements of total soluble protein contents and the activities of key enzymes involved in nodule C and N metabolism displayed a profound variation in response to Pi deficiency (Fig. 4) . Under Pi-sufficient conditions, total soluble protein content (Fig. 4A ) and the activities of the majority of the examined enzymes, including sucrose synthase (SS) (Fig. 4B) , uridine diphosphate-glucose pyrophosphorylase (UDP-GPP) (Fig. 4C) , malate dehydrogenase (MDH) (Fig. 4E) , NAD-malic enzyme (NAD-ME) (Fig. 4F) , NADH-glutamate synthase (NADH-GOGAT) (Fig.  4I ), NADH-glutamate dehydrogenase (NADH-GDH) (Fig.  4J ), glucose-6-phosphate dehydrogenase (G6PDH) (Fig. 4K ), 6-phosphogluconate dehydrogenase (6PGDH) (Fig. 4L ), NADPisocitrate dehydrogenase (NADP-ICDH) (Fig. 4M) , and alkaline invertase (AI) (Fig. 4O ), were significantly higher in MmSWRI9-induced nodules than in McCP-31-induced nodules. Low Pi supply decreased the level of total soluble proteins in MmSWRI9-induced nodules to 68% of that observed in MmSWRI9-induced nodules under Pi-sufficient conditions. In contrast, the level of total soluble proteins in nodules of McCP-31-inoculated chickpea plants increased by 64.5% in response to low Pi supply compared with in Pi-sufficient conditions (Fig. 4A) . Under Pi-deficient conditions, a significant increment in the activity of most C and N metabolism-related enzymes was observed in McCP-31-induced nodules, whereas the enzyme activity in MmSWRI9-induced nodules had a tendency to be relatively stable for most of the enzymes examined. For instance, in McCP-31-inoculated plants, a low Pi supply resulted in a significant increase in the activity of SS (46%), UDP-GPP (48%), phosphoenolpyruvate carboxylase (PEPC; 102%), MDH (70%), NAD-ME (75%), aspartate aminotransferase (AAT; 43%), glutamine synthetase (GS; 134%), and NADH-GOGAT (121%) (Fig. 4 B-I ). In contrast, with the exception of a significant reduction in the specific activity of NAD-ME (21.7%) (Fig. 4F ), G6PDH (23.5%) (Fig. 4K ), 6PGDH (18.8%) (Fig. 4L) , and NADP-ICDH (27.7%) (Fig. 4M ), an insignificant variation was observed in the activity of the enzymes examined in MmSWRI9-inoculated plants in response to low Pi supply.
Significant differences in the level of total soluble proteins in the roots of the two symbiotic associations were not observed under Pi-sufficient conditions. In contrast, a reduction of 68% of total soluble protein content was observed in MmSWRI9-nodulated roots, and a 74% increase in total soluble protein content in McCP-31-nodulated roots was observed in response to low Pi (Fig. S1A) . Furthermore, the activities of SS ( Data presented are the means ± SE of four independent biological replicates. Data with different letters reveal significant differences as measured by a Duncan's multiple range test (P ≤ 0.05).
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roots under Pi-sufficient conditions. Differing from McCP-31-nodulated roots, where only the activities of MDH and NAD-ME significantly increased (39% and 28.5%, respectively) (Fig. S1 E and F) and those of 6PGDH and AI significantly decreased (24% and 26%, respectively) (Fig. S1 L and O) in response to Pi deficiency, low Pi treatment caused a significant decline in the activities of 6 of 15 of the examined enzymes in MmSWRI9-nodulated roots relative to the level of activity in Pi-sufficient conditions, including SS (43.5%) (Fig. S1B) , UDP-GPP (31%) (Fig. S1C) , NADH-GDH (27%), G6PDH (41%), 6PGDH (50%) (Fig. S1 J-L), and AI (40%) (Fig. S1O) . The activities of the other enzymes remained unchanged. Under Pi-sufficient conditions, no significant difference in total soluble protein levels was observed in chickpea leaves of plants with the two symbiotic associations (Fig. S2A) . Among the enzymes assayed, however, the activities of UDP-GPP (Fig. S2C) , GS (Fig. S2H) , and NADH-GOGAT (Fig. S2I) were higher in leaves of MmSWRI9-inoculated plants than in leaves of McCP-31-inoculated plants. In contrast, AAT (Fig. S2G ) and nitrate reductase (NR) (Fig. S2N) were lower in MmSWRI9-inoculated plants than in leaves of McCP-31-inoculated plants. A low Pi supply, however, led to a 189% increase in total soluble protein content in leaves of McCP-31-inoculated plants, whereas it resulted in a 45% decrease in leaves of MmSWRI9-inoculated plants relative to leaves of plants grown under Pi-sufficient conditions (Fig. S2A) . The activities of C and N metabolism-related enzymes in the leaves of plants grown under Pi-deficient conditions differed in MmSWRI9-and McCP-31-inoculated plants. Low Pi supply decreased the activities of SS (31.7%), UDP-GPP (55.5%), PEPC (26.6%) (Fig. S2 B-D) , GS (30.6%), and NADH-GOGAT (25%) ( observed between MmSWRI9-and McCP-31-inoculated plants in response to Pi deficiency (Figs. S3, S4 , and S5). Low Pi conditions increased the total level of detected amino acids in nodules of chickpea inoculated with either bacterial strain ( Fig. 5A and Dataset S2). At the individual level, Pi deficiency resulted in a significant increase in the levels of asparagine, homoserine, isoleucine, 3-cyano-L-alanine, methionine, lysine, tyrosine, and phenylalanine in MmSWRI9-induced nodules and significantly increased the levels of glutamine, GABA, L-alanine, 3-cyano-L-alanine, aspartate, glutamate, threonine, lysine, and 5-oxoproline in McCP-31-induced nodules (Fig. S3 and Dataset S2). The total levels of identified amino acids in roots of the two symbiotic associations were not significantly different when plants were grown under Pi-deficient conditions (Fig. 5B) . Nevertheless, the root metabolite profiles of several individual amino acids in plants grown under low Pi exhibited a significant decrease, including glutamine, hydroxylamine, methionine, aspartate, proline, cystine, and trypto- (Fig. S4 and Dataset S3). Moreover, a low Pi supply resulted in a strong reduction in the total level of identified amino acids in the leaves of McCP-31-inoculated plants, whereas no significant change was observed in leaves of MmSWRI9-nodulated plants, with the exception of a few individual amino acids ( Fig. 5C and Dataset S4). Of all of the amino acids detected in the leaves of MmSWRI9-inoculated plants, only decreases in the levels of glutamine, phenylalanine, asparagine, and glycine were observed in response to low Pi. In contrast, however, a decrease in the levels of almost all of the detected amino acids was observed in leaves of McCP-31-inoculated plants in response to low Pi ( Fig. S5 and Dataset S4). Low Pi supply increased the total level of identified sugars by 68.8% in McCP-31-induced nodules, whereas the level of total detected sugars in MmSWRI9-induced nodules remained unchanged ( Fig. 5D and Fig. S5 and Dataset S4). The total levels of detected organic acids in nodules of the two different symbiotic associations were similar under Pi-deficient conditions ( Fig. 5G and Dataset S2). However, several individual compounds showed a remarkable change in their level in MmSWRI9-and McCP-31-induced nodules obtained from plants grown under Pi deficiency ( Fig. 5G and Dataset S2). Among the organic acids detected, a notable accumulation of citrate, shikimate, fumarate, succinate, pyruvate, itaconate, and isocitrate was observed in response to Pi deficiency in McCP-31-induced nodules. Interestingly, when individual organic acids were examined in MmSWRI9-induced nodular tissues obtained from plants grown under Pi-deficient conditions, a significant increase in the levels of several metabolites was observed, including malate, citramalate, and galactonate ( Fig. S3 and Dataset S2). Pi deficiency induced a notable accumulation of organic acids in McCP-31-nodulated roots, whereas it significantly decreased the total level of detected organic acids in MmSWRI9-nodulated roots (Fig. 5H and Dataset S3). More specifically, levels of malate, glycolate, malonate, and isocitrate exhibited a notable decrease in MmSWRI9-nodulated roots, whereas the levels of α-ketoglutarate, malate, succinate, citramalate, galactonate, threonate, itaconate, and threonic acid-1,4-lactone displayed significant accumulation in McCP-31-nodulated roots under Pi-deficient conditions (Fig. S4 and Dataset S3). Furthermore, the total levels of identified organic acids markedly reduced in leaves of McCP-31-and MmSWRI9-inoculated plants subjected to low Pi conditions ( Fig. 5I and Dataset S4). Pi deficiency resulted in a significant reduction in the levels of eight individual organic acids, including shikimate, malate, glutarate, threonate, succinate, malonate, isocitrate, and galactonate, in the leaves of MmSWRI9-inoculated plants (Fig. S5 and Dataset S4). However, the contents of 13 individual organic acids significantly decreased in leaves of McCP-31-inoculated plants in response to Pi deficiency, including those of citrate, malate, citramalate, threonate, fumarate, succinate, pyruvate, itaconate, glutarate, threonic acid-1,4-lactone, shikimate, isocitrate, and galactonate ( Fig. S5 and Dataset S4).
Discussion
The limitation of growth and productivity in N 2 fixing leguminous plants induced by low Pi availability in the soil is mainly caused by the deleterious effects of Pi shortage on the formation, development, and activity of nodules and ultimately, SNF capacity (5, 7). Considering the final aim of designing more effective breeding and genetic engineering strategies for developing Piefficient legume crops for Pi-deficient soils, this study was undertaken to identify the mechanisms responsible for acclimation of SNF to low Pi availability. In this study, SNF capacity was analyzed by characterizing the expression levels of nifD and nifK genes and the number of key Pi starvation-related genes in nodules and measuring several growth parameters. Whole-plant metabolite profiles were also obtained, and the activities of C and N metabolism-related enzymes were measured in leaves, roots, and nodules of chickpea plants that were inoculated with specific strains of two different species of Mesorhizobium.
Previous reports have suggested that expression levels of nifD and nifK genes could be used as indicators of SNF capacity (9, (16) (17) (18) . The higher levels of nifD and nifK expression under Pisufficient conditions observed in MmSWRI9-induced nodules relative to McCP-31-induced nodules suggest that the MmSWRI9-inoculated association may have higher SNF capacity than the McCP-31-inoculated association under Pi-sufficient conditions (Fig. 1) . The greater accumulation of shoot, root, and total DM in MmSWRI9-inoculated chickpea plants than in McCP-31-inoculated plants grown under Pi-sufficient conditions provides supportive evidence for this premise (Dataset S1). Both nifD and nifK genes exhibited unaltered expression in McCP-31-induced nodules in response to low Pi conditions, whereas both genes were down-regulated in MmSWRI9-inoculated nodules under the same conditions (Fig. 1) . These results suggest that N 2 fixation performance in the nodules of McCP-31-inoculated plants is less affected by low Pi conditions than that in the nodules of MmSWRI9-inoculated plants. This premise is again supported by a better growth performance of McCP-31-inoculated chickpea plants under Pi-limiting conditions compared with that in MmSWRI9-inoculated plants (Dataset S1).
The differential responses of McCP-31-and MmSWRI9-inoculated plants to low Pi supply could be explained by several not mutually exclusive explanations. Because Pi deficiency-induced inhibition of SNF is caused by dramatic reductions in the cytosolic Pi pool in nodules, maintenance of an appropriate nodular Pi level represents a critical adaptive strategy for nodules to diminish the adverse effects of Pi deficiency on SNF capacity (6, 8, 20) . In this study, there was an apparent difference between the two symbiotic systems regarding the maintenance of Pi homeostasis in their organs, particularly nodules and roots, for acclimation to low Pi stress. Although MmSWRI9-inoculated plants significantly reduced Pi level in the nodules and roots, McCP-31-inoculated plants tended to increase the Pi level in the nodules and maintain the high Pi level in the root fractions under Pi stress (Fig. 2) . This result indicated that the changes in nodular Pi level in the two symbiotic systems showed opposite tendency under Pi deprivation. Furthermore, both symbiotic systems significantly reduced Pi levels in leaves under Pi deprivation, with MmSWRI9-inoculated plants exhibiting a greater decline (66%) than McCP-31-inoculated plants (50%) (Fig. 2) . These data suggest an adaptive strategy for both symbiotic systems to tradeoff Pi allocation (i.e., plasticity) by the translocation of Pi from the aerial parts for supporting the SNF under Pi limitation (7, 13) .
Apparently, MmSWRI9-inoculated plants tended to reallocate Pi from both leaves and roots to their nodules. Hence, a sharp reduction (78%) particularly observed in the Pi level in roots of MmSWRI9-inoculated plants subjected to low Pi might help prevent the complete depletion of nodular Pi level in MmSWRI9-inoculated plants (Fig. 2) . These data indicate that Pi is preferentially allocated from other organs through the vascular network to MmSWRI9-induced nodules and imply that these nodular tissues are stronger sinks for Pi than roots or leaves. A competition in Pi is expected between the roots and nodules in MmSWRI9-inoculated plants, particularly under conditions of Pi limitation (21) . The elevated levels of Pi mobilization from the roots and leaves to nodules in MmSWRI9-inoculated plants were particularly evidenced by the up-regulation of CaPAP17, CaPHT1;4, and CaSPX3 genes, involved in Pi remobilization and transport, in MmSWRI9-induced nodules in response to low Pi stress (Fig. 3  A-C) (22-24) , which could be interpreted as an acclimation response to decreased nodular Pi levels under Pi deficiency. However, for a better adaptation, McCP-31-inoculated plants translocated Pi from the leaves and more importantly, stabilized the Pi level in the root fraction (Fig. 2) . Pi concentrations need to be conserved in the roots to facilitate the acquisition of external Pi sources and upgrade the level of Pi in nodules during Pi starvation conditions (8, 21) , as observed with the McCP-31-inoculated plants under Pi-deficient conditions (Fig. 2) . In agreement with this finding, up-regulation of low Pi-induced CaPAP17, CaPHT1;4, and CaSPX3 was not observed in the McCP-31-induced nodules under low Pi conditions, and it could be further supported by the fact that CaWRKY75, which regulates the expression of low Pi-responsive genes (25), was not induced but rather repressed in McCP-31-induced nodules by Pi deficiency (Fig. 3 A-D) . These results together indicate that McCP-31-inoculated plants possess a regulatory system that more efficiently maintains nodular Pi homeostasis under low Pi conditions than MmSWRI9-inoculated plants. Thus, McCP-31-and MmSWRI9-inoculated plants have evolved diverse mechanisms in response to low Pi availability that strictly control the level of nodular Pi level to fulfill the metabolic requirements of the nodules.
Nodules require sufficient photoassimilates in the form of sucrose to maintain optimum levels of SNF (26, 27) . The results of this study showed that the relatively stable levels of sucrose in roots and leaves of plants subjected to low Pi were accompanied by an apparent accumulation of this photosynthate in the nodules of both symbiotic associations (Figs. S3, S4 , and S5 and Datasets S2-S4). These data support the premise that legume nodules subjected to low Pi are not sucrose-limited (13, 28) . Instead of the initial cleaving of sucrose with the aid of ATPdependent AI, McCP-31-induced nodules subjected to low Pi significantly activated the energy-saving SS/UDP-GPP pathway that remained unaffected in MmSWRI9-induced nodules (Fig. 4  B and C and Fig. S6 ). The SS/UDP-GPP pathway can efficiently use pyrophosphates (PP i s) as an autonomous energy donor during Pi deficiency (29, 30) . Therefore, the induction of sucrose hydrolysis through the alternative PP i -dependent cytosolic pathway in McCP-31-induced nodules confers a considerable bioenergetic advantage, thereby improving nodule performance under Pi starvation. Furthermore, the Pi released in this pathway can be recycled for other metabolic processes under low Pi conditions (Fig. S6) (22) .
The activities of PEPC, MDH, and NAD-ME increased in McCP-31-induced nodules in response to low Pi but not in MmSWRI9-induced nodules (Fig. 4 D-F and Fig. S6 ). These data suggest that the adenylate-and Pi-independent PEPC− MDH−ME glycolytic bypass is more active in McCP-31-than in MmSWRI9-induced nodules, resulting in greater conservation of cellular Pi (5). Additionally, pyruvate increased in McCP-31-induced nodules subjected to low Pi but not in MmSWRI9-induced nodules (Fig. S3 and Dataset S2). These observations support the hypothesis that the increased pyruvate might be synthesized from malate through the cytosolic PEPC-MDH-ME glycolytic bypass rather than through the Pi-dependent PK route to ensure the continuation of mitochondrial respiration under Pilimited conditions (29) . In support of this finding, the expression levels of CaPK-encoding genes, at least the two genes that were examined, were down-regulated in response to low Pi in nodules of both symbiotic associations (Fig. 3 E and F) . It is plausible that this down-regulation occurs as a way to restrict pyruvate synthesis through the conventional Pi-requiring PK route in nodules under low Pi conditions. Because pyruvate can act as a scavenger of reactive oxygen species (ROS) (31), the higher level of pyruvate observed under low Pi conditions in McCP-31-induced nodules but not in MmSWRI9-induced nodules (Fig. S3 and Dataset S2) may help stabilize the cellular redox status of stressed McCP-31-induced nodules. In addition, utilization of pyruvate for L-alanine synthesis has also been suggested as an adaptation mechanism during energy-deficient conditions (32) . Our results showed an increased level of L-alanine in parallel with pyruvate accumulation in McCP-31-induced nodules under low Pi availability (Fig. S3 and Dataset S2). However, metabolite profiling of MmSWRI9-induced nodules subjected to low Pi supply identified a significant accumulation of malate (23% greater than in Pi-sufficient nodules) (Fig. S3 and Dataset S2) . The accumulation of malate in MmSWRI9-induced nodules under low Pi conditions was not the result of increased activity of enzymes involved in its synthesis (e.g., PEPC and MDH) (Fig. 4 D and E) . Thus, the increase may be related to a decreased utilization of malate by bacteroid respiration. Alternatively, it may also be because of the lower provision of C skeletons for fixed N assimilation, which is likely caused by the altered activity of nodules and SNF under Pideficient conditions, as observed in earlier studies of N 2 fixation capacity under drought conditions (33) . Despite the significant increase of PEPC and MDH in McCP-31-induced nodules in response to low Pi availability (Fig. 4 D and E) , the malate content remained at a basal level (Fig. S3 and Dataset S2). The stability of the malate content was most likely caused by its enhanced utilization during bacteroid respiration and/or as a source of C skeletons for fixed N assimilation (34) . Furthermore, the conversion of malate to pyruvate in McCP-31-induced nodules might effectively prevent additional malate accumulation in this efficient symbiosis, because malate accumulation is inhibitory to N 2 fixation (20) .
Results of the study indicate that, in contrast to what was observed in the roots of MmSWRI9-inoculated plants subjected to low Pi conditions, roots in McCP-31-inoculated plants could accumulate a higher level of organic acids (Fig. 5H) . It is plausible that this accumulation of organic acids could be potentially released into the rhizosphere to facilitate Pi solubilization in the soil (35, 36) , thereby leading to a more efficient Pi uptake in McCP-31-inoculated plants. Remarkably, the increased production of organic acids, such as malate, succinate, citramalate, and α-ketoglutarate, through the TCA cycle in roots of McCP-31-inoculated plants subjected to Pi deficiency ( Fig. S4 and Dataset S3) is likely associated with the increased activities of several C metabolism-related enzymes in the roots, such as MDH and NAD-ME (Figs. S1 E and F and S7). Moreover, the higher overall performance of McCP-31-chickpea plants when subjected to low Pi availability, relative to MmSWRI9-chickpea plants, is likely associated with the different levels of several enzymes involved in C metabolism in leaves, such as SS, UDP-GPP, and PEPC (Figs. S2 B-D and S8 ). These findings suggest that the adaptive mechanisms that modulate symbiotic performance under conditions of low Pi involve a complex suite of modifications in metabolic pathways in nodules and other plants organs (leaves and roots), which play an essential role in sustaining nodule metabolism when the availability of Pi is low or limiting. The activities of key enzymes connected with the oxidative pentose phosphate pathway also varied greatly in the nodules of both symbiotic associations, although the direction and degree of changes differed between the two (Fig. 4 K-M and Fig. S6 ). Pi deficiency increased the activities of 6PGDH and NADP-ICDH in McCP-31-induced nodules, whereas it decreased the activities of both enzymes as well as that of G6PDH in MmSWRI9-induced nodules (Fig. 4 K-M and Fig. S6 ). The response in McCP-31-induced nodules may be an adaptive mechanism to provide adequate antioxidant defense through NADPH, because NADPH supply is known to be critical in maintaining the cellular antioxidant system and adjusting the cellular redox status, both of which are important for efficient SNF (37) .
The important role of N metabolism in the adaptation of chickpea to low Pi stress was also evident in this study. In response to low Pi availability, a similar increase (22-23%) in the total level of identified amino acids was observed in the nodules of both symbiotic systems (Fig. 5A and Dataset S2) . Therefore, the greater decrease in SNF capacity observed in MmSWRI9-induced nodules under low Pi conditions ( Fig. 1 and Dataset S1) cannot be related to the accumulation of the identified amino acids, which has been reported in other studies (5, 38) . The accumulation of specific amino acids in plants subjected to low Pi conditions, however, might be implicated in down-regulating SNF capacity in MmSWRI9-induced nodules relative to McCP-31-induced nodules. For example, an accumulation of asparagine was detected in MmSWRI9-induced nodules under Pi-deficient conditions, whereas the asparagine level was unaffected in McCP-31-inoculated nodules under the same conditions ( Fig. S3 and Dataset S2). Several studies have reported that down-regulation of SNF capacity is associated with the accumulation of asparagine in nodules of Pi-stressed plants (28, 39) . These reports further strengthen the premise that asparagine accumulation plays a role in N feedback regulation of SNF capacity in MmSWRI9-inoculated plants. However, the higher activities of the main enzymes associated with N metabolism, including AAT, GS, and GOGAT, in McCP-31-induced nodules (Fig. 4 G-I and Fig. S6 ) imply that the substantial accumulation of identified amino acids in McCP-31-induced nodules may be the result of the higher SNF capacity and N assimilation under low Pi conditions (Fig. 5A) (40) . Indeed, the significant increase in total soluble protein content observed in McCP-31-induced nodules under low Pi treatment (Fig. 4A ) supports this idea. Alternatively, the increase in the total level of the identified amino acids in Pi-stressed MmSWRI9-induced nodules might be attributed to protein degradation, which was confirmed by the observed decline in total soluble protein content in nodules (Fig. 4A ) and the unaltered activities of N metabolism-related enzymes in these nodules (Fig. 4 G-I and Fig. S6 ). Increasing evidence has also suggested that SNF capacity is regulated by plant growth and shoot N requirement through a whole-plant N feedback mechanism (4, 41) . In this study, a sharp decrease in shoot and total DM of Pi-deficient MmSWRI9-inoculated plants was observed (Dataset S1), although the level of identified amino acids was unchanged in leaves (Fig. 5C ). These data suggest that the amino acid levels in Pi-deficient leaves of MmSWRI9-inoculated plants may exceed the N level required for plant growth. Thus, these excessive amino acids could signal the shoot N status to nodules, which would then lead to a whole-plant N feedback inhibition of SNF in MmSWRI9-inoculated plants under low Pi conditions (4, 41) . In contrast, the identified amino acids in leaves of McCP-31-inoculated plants under Pi-deficient conditions were reduced to a very low level (Fig. 5C ), perhaps because of their incorporation into proteins (Fig. 4A) , thus preventing whole-plant N feedback inhibition. In this study, increased activity of NADH-GDH was observed in conjunction with an induction of the main enzymes of NH 4 + assimilation in McCP-31-induced nodules in response to low Pi stress (Fig. 4 G-J and Fig.  S6 ). It is possible that this increase may help prevent toxic accumulation of NH 4 + resulted from a higher SNF capacity in McCP-31-induced nodules relative to MmSWRI9-induced nodules. In addition, glutamate produced by NADH-GDH in McCP-31-induced nodules in response to low Pi stress can be used to assimilate NH 4 + derived from SNF through the GS activity. In agreement with this finding, we observed an increase in the levels of glutamate and glutamine in McCP-31-induced nodules under Pi deficiency (Fig. S3 and Dataset S2). Our results confirmed the role of NADH-GDH in detoxification of NH 4 + and also, the supply of glutamate for glutamine synthesis (42) .
A significant increase in GABA content was observed in McCP-31-induced nodules under low Pi conditions, which would lead to a higher SNF capacity, whereas GABA levels were reduced in MmSWRI9-induced nodules (Fig. S3 and Dataset S2). This finding is consistent with the physiological functions of GABA that include amino acid cycling, providing succinate for normal functioning of nodules, restriction of ROS, and protecting the TCA cycle against oxidative stress (43) . GABA shunt, as an NAD + -independent mechanism, maintains normal energy metabolism through bypassing the conversion of α-ketoglutarate to succinate in the TCA cycle (44) , and also, limits the accumulation of ROS, protecting certain enzymes of the TCA cycle against oxidative stress conditions (45). In addition, succinate as the end product of GABA shunt supplies the energy needed for SNF (43), because we also detected the increased succinate level in Pi-deficient McCP-31-induced nodules (Fig. S3 and Dataset S2). Moreover, because glutamate is the starting point for GABA synthesis, GABA production is strongly associated with glutamate content (45) . In a recent study, a significant increase of glutamate content in McCP-31-induced nodules under Pi deficiency was mirrored in the increased amount of GABA ( Fig. S3 and Dataset S2). Additionally, to better prevent oxidative stress under low Pi conditions, the specific activity of NR also increased in McCP-31-induced nodules (Fig. 4N) . This enzyme is known to have a critical contribution to the maintenance of redox and cellular energy stability (46) . Additionally, the comprehensive metabolite analysis conducted in this study indicated that several other metabolites were differentially synthesized in Pi-deficient McCP-31-and MmSWRI9-induced nodules. These differences in metabolite profiles may also contribute to the better SNF capacity observed in McCP-31-inoculated plants subjected to low Pi. Among the detected metabolites, D-raffinose and galactinol accumulated to higher levels in McCP-31-induced nodules than in MmSWRI9-induced nodules subjected to low Pi ( Fig. S3 and Dataset S2). Both of these sugars could significantly help protect cellular metabolism against oxidative damage (47) . In addition, an apparent reduction in the levels of certain phosphorylated metabolites, including D-glucose-6P and myo-inositol-1P, was observed in MmSWRI9-induced nodules under low Pi, whereas these same metabolites as well as D-fructose-6P were unchanged or increased in McCP-31-induced nodules under low Pi conditions ( Fig. S3 and Dataset S2). It is possible that reduced levels of these metabolites could potentially have a negative impact on several vital biochemical processes, such as glycolysis and phospholipids (48) .
In summary, we present, to our knowledge, the first comprehensive metabolic, biochemical, and molecular analyses of contrasting Mesorhizobium-chickpea associations under Pi limitation. Comparative analyses of symbiotic performance conducted in this study showed that the higher SNF capacity of McCP-31-nodulated chickpea under Pi-deficient conditions, relative to that of MmSWRI9-induced nodules, results from a highly coordinated process that includes an extensive reprogramming of various metabolic and biochemical pathways in nodules, roots, and leaves. Thus, the findings of this study fundamentally advance our understanding of how contrasting microsymbionts facilitate acclimation to Pi deficiency. Furthermore, our analyses support the idea that legume adaptability to Pi stress depends on intricate signaling pathways, including those of Pi, sugars, and amino acids. These data revealed the existence of cross-talk among numerous signaling pathways in regulation of Mesorhizobium-chickpea adaptation to Pi limitation. Nevertheless, it cannot be disregarded that other master players, such as small RNAs, might also contribute to regulation of SNF capacity in chickpea under low Pi availability. Additional investigations are, thus, warranted to identify previously unidentified crucial regulators and further clarify the contribution of different Rhizobium strains in host plant acclimation to Pi deficiency. A careful selection of Rhizobium strains with efficient SNF capacity under Pi-deficient conditions may help improve legume crop productivity in low Pi soils. Additionally, the results of this study also provide information that can be used to genetically engineer chickpea cultivars and perhaps, other leguminous crops to have effective symbiotic efficiency under Pi-limiting conditions by targeting the key biochemical responses observed in the presented data.
Materials and Methods
Biological Materials and Growth Conditions. Chickpea (C. arietinum L. cultivar ILC482) was used throughout the study combined with two symbionts (McCP-31 and MmSWRI9) of the genus Mesorhizobium. ILC482 is a highyielding elite Kabuli variety with relatively high adaptability to abiotic stress, particularly water scarcity (49) . Seeds of ILC482 were germinated in 1.5-L pots containing autoclaved vermiculite as a rooting substrate. Pots were placed in a greenhouse under controlled conditions (continuous 30°C temperature, 60% relative humidity, 12-h/12-h photoperiod, and 150 μmol m −2 s −1 photon flux density). Seeds were inoculated with a suspension of ∼10 9 cells mL −1 of either McCP-31 or MmSWRI9 as previously described (50) . Plant irrigation was done three times per week with N-free nutrient solution (pH 6.8) (50). KH 2 PO 4 was supplemented to the nutrient solution to a final concentration of either 0.5 mM or 5 μM to establish Pi-sufficient or -deficient conditions, respectively. An appropriate concentration of K 2 SO 4 was also added to the Pi-deficient solution to ensure an equal supply of potassium. Thirty days after sowing, shoots, roots, and nodules were separately collected and dried at 60°C to a constant weight for DM determination. In addition, leaf, root, and nodule fractions used in assays of enzyme activity, gene expression, and metabolite profiling were also collected, frozen immediately in liquid N 2 , and stored at −80°C until the analyses were conducted.
Gene Expression Analysis. Total RNA purification from chickpea nodules of three biological replicates, DNase I treatment, and cDNA synthesis were carried out as previously described (51) . Chickpea genome annotation (Bioproject PRJNA175619) and key genes identified as Pi starvation response-related genes in Arabidopsis were used in a search for putative Pi starvation response-related genes in chickpea (19, 23, (52) (53) (54) (55) . The identified chickpea genes and the specific primers used to amplify these genes using real-time quantitative RT-PCR (qRT-PCR) are listed in Dataset S5; 16S rRNA (NR_025953) (9) and IF4a (XM_004513380) (56) were used as reference genes for expression analysis of the nifDK and selected Pi starvation response-related chickpea genes. Analyses of the qRT-PCR data were performed as previously described (57) .
Assays for C and N Metabolism-Related Enzymes. Leaf, root, and nodule samples of four biological replicates were extracted as previously described (9) . Total soluble protein content was estimated using the Bradford reagent (58). The activities of SS, AI, PEPC, GS, and AAT were assayed using standard methods (59) . UDP-GPP and NAD-MDH activities were assayed according to described protocols (60) . The activities of NADH-GOGAT and NADH-GDH were measured as described earlier (61), whereas G6PDH and 6PGDH were assayed using published protocols (62) . NADP-ICDH was measured according to previously described methods (63) . NR was determined based on a standard protocol (64) , and the activity of NAD-ME was assayed as previously described (20) . All enzymes were evaluated on a GENios Microplate Reader (Tecan) in a reaction mixture at 25°C.
Metabolite Profiling. Samples of nodules, leaves, and roots (25 mg fresh weight of each sample and four biological replicates per tissue type) were extracted in 1 mL extraction mixture comprised of chloroform:MeOH:H 2 O (2:6:2 vol/vol/vol) and 10 stable isotope reference compounds (65) . After extraction, 200 μL supernatant was evaporated to dryness and then, derivatized as previously described (66) . An equivalent of 55.6 μg fresh weight derivatized samples were subjected to GC-time of flight MS according to a published method (65) . All raw data of detected metabolites were transferred from the ChromaTOF software in NetCDF format to MATLAB software 6.5 (MathWorks). The chromatograms were preprocessed using the high-throughput data analysis (HDA) method (67) and normalized using the cross-contribution compensating multiple standard normalization (CCMN) algorithm (68) .
Statistical Analysis. Three biological replicates from each Pi treatment and tissue type were used to evaluate the level of gene expression. Each biological replicate was run in duplicate using qRT-PCR. For growth parameters, assays of C and N metabolism-related enzymes, and metabolite profiling analyses, four biological replicates from each Pi treatment were used. Data were subjected to a two-way ANOVA, and significant differences between treatments (Pi-sufficient and -deficient treatments) and the two symbiotic associations were measured by Duncan's multiple range test (P ≤ 0.05). All statistical analyses were determined using SPSS software package 16.0.
